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sured. To facilitate a comparison of results from all the gel analyses, the mobilities of Rz A and B were normalized, assuming that the non-cross-linked Received January 3, 1996 samples had migrated 30 cm in all the gels. The results are presented in the simulated gel shown in Recently we developed a cross-linking methodol- Fig. 2 . ogy for probing the tertiary structure of RNA and Inspection of Fig. 2 reveals an enormous difference used it to assess the catalytic competence of two difin the relative mobility of Rz A to the non-crossferent three-dimensional models of the hammerhead linked material, from 22.7 cm in a 24% gel to 32.9 ribozyme (1). In essence, our strategy was to introcm in an 8% gel, a difference of 10.2 cm. The same duce conformational constraints into two ribozyme effect is also observed for Rz B, although the differconstructs by the means of a disulfide cross-link beence in relative mobility is less than for Rz A. To tween helices I and II and to use the catalytic effiour knowledge, there is only one other report in the ciencies of these two cross-linked ribozymes for evalliterature that describes this phenomenon; Grabowuation of the structural models. We prepared two ski et al. (5) analyzed a ca. 230-nucleotide-long ''larribozymes ( Fig. 1) , each carrying two 2 -amino-modiiat'' intermediate in messenger RNA splicing by fications which were reacted with an aromatic iso-DPAGE and found that the apparent length was dethiocyanate containing a protected mercaptan funcpendent upon the percentage acrylamide used and tionality. Deprotection of the thiols, followed by that it migrated as a longer oligomer under all condiair-oxidation yielded a mixture of cross-linked and tions tested (4 -10% acrylamide). By the same token, non-cross-linked material. Since the catalytic efficiencies of the cross-linked ribozymes could be affected by contamination of non-cross-linked material we needed to completely separate the two species. Denaturing polyacrylamide gel electrophoresis (DPAGE) 2 has previously been used for the isolation of intramolecular cross-links (2 -4) in spite of the fact that they have the same nucleotide sequence, the same charge, and nearly the same mass as the corresponding non-cross-linked material. Surprisingly, in a preliminary attempt to isolate the two cross-linked ribozymes by 20% DPAGE we could only separate one adequately from the non-cross-linked material. However, we found that the relative mobility of cross-linked to non-cross-linked material varied greatly with the percentage of acrylamide in the denaturing gels and this facilitated the separation   FIG. 1 . The sequence and secondary structure of the two hammerhead ribozyme constructs used in this study, shown here without the substrate. Each ribozyme contained two 2-amino-groups that 1 To whom correspondence should be addressed. Fax: (/49)-551-3899-388. E-mail: eckstein@exmed1.dnet.gwdg.de.
were subsequently modified and cross-linked. the electrophoretic mobilities of cross-linked transcripts, a few hundred nucleotides long, were correlated with the number of nucleotides comprising the loop. Here the loop sizes for Rz A and B are 20 and 21, respectively, and would thus be expected to have similar mobilities. However, Rz A clearly has a greater range of mobilities and it is possible that loop size determines not only the electrophoretic properties of cross-linked oligomers, but also their general shape. The cross-link in Rz A is between residues relatively close to the center, giving rise to a highly branched structure, while Rz B is not as branched, having a lariat structure where a residue close to the end is linked to a central residue. An alternate explanation is that the position of the cross-link in Rz A stabilizes the hairpin structure of helix II to such an extent that it does not completely denature during electrophoresis and thus has aberrant mobilities at higher percentage acrylamide (3). Our results emphasize the choice of percentage acrylamide in DPAGE gels for optimal separation of RNA containing intramolecular cross-links from non-cross-linked material. Although our study was performed with cross-linked RNA, this method will presumably also be applicable to the analysis and isolation of intramolecularly cross-linked DNA. Structural engineering of cross-links into nucleic acids is becoming an important tool in the elucidation of structure and function of nucleic acids (1, 6, 8, 9 ) and our observations should increase the scope 
